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Abstract
We investigate dijet production from proton-nucleus collisions at the Large Hadron Collider
(LHC) as a means for observing superfast quarks in nuclei with Bjorken x > 1. Kinematically,
superfast quarks can be identified through directly measurable jet kinematics. Dynamically, their
description requires understanding several elusive properties of nuclear QCD, such as nuclear forces
at very short distances, as well as medium modification of parton distributions in nuclei. In the
present work, we develop a model for nuclear parton distributions at large x in which the nuclear
dynamics at short distance scales are described by two- and three-nucleon short range correlations
(SRCs). Nuclear modifications are accounted for using the color screening model, and an improved
description of the EMC effect is reached by using a structure function parametrization that includes
higher-twist contributions. We apply QCD evolution at the leading order to obtain nuclear parton
distributions in the kinematic regime of the LHC, and based on the obtained distributions calculate
the cross section for dijet production. We find that the rates of the dijet production in pA collisions
at kinematics accessible by ATLAS and CMS are sufficient not only to observe superfast quarks but
also to get information about the practically unexplored three-nucleon SRCs in nuclei. Additionally,
the LHC can extend our knowledge of the EMC effect to large Q2 where higher-twist effects are
negligible.
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I. INTRODUCTION
The dynamics of quantum chromodynamics (QCD) in the nuclear medium is one of
the most interesting areas of modern nuclear physics. Many aspects of it are currently
being investigated, including the formation of collective quark-gluon states such as quark-
gluon plasma, the shadowing of the small x parton densities in nuclei, the hadronization of
quarks and gluons within the nucleus, and the medium modification of partonic distribution
functions in nuclei.
Another interesting aspect of nuclear QCD is the possibility for quarks to carry a light
cone momentum fraction higher than that of a free nucleon at rest. Deep inelastic scattering
(DIS) from such a parton will correspond to Bjorken x > 1 (where x is normalized to run
from 0 to the nuclear mass number A), and we will hereafter refer to quarks with such a
light cone momentum fraction as superfast quarks.
Due to the short-range nature of strong interactions, detecting a superfast quark in a
nucleus requires probing the nucleus at extremely short distance scales. The characteristic
space-time distances in nuclei become shorter with an increase in Q2 for fixed x owing to a
property of QCD evolution, namely that a probed parton at high Q2 will have come from a
parent quark with a higher light cone momentum fraction. Thus, the theoretical expectation
is that superfast quarks at large Q2 will allow one to probe unprecedented small space-time
distances in nuclei, on the order of 1/xmN [1, 2].
Our current understanding of the dynamics of nuclei at short distances is extremely
limited. Due to the short range nature of the strong interaction, one expects that they will
be dominated by multi-nucleon short range correlations (SRCs)[3], which may include non-
nucleonic degrees of freedom (such as ∆∆ and NN∗ components), followed by the transition
from baryonic to quark-gluon degrees of freedom.
There has been considerable progress recently made in studies of two-nucleon SRCs in
inclusive and semi-inclusive nuclear processes, which have been dominated by quasi-elastic
(QE) scattering of a high-energy probe (either an electron or a proton) off of a nucleon in
the SRC[4–16]. These studies unambiguously established the existence of two-nucleon SRCs
and measured the probability of a nucleon existing in one for the given nuclei. Due to the
quasi-elastic nature of the scattering processes, however, it is much more difficult to reach
kinematics dominated by three-nucleon SRCs[7]. Moreover, probing the transition to quark
and gluon degrees of freedom has so far remained elusive.
The possibility of probing superfast quarks in hard nuclear processes provides a new
venue in studies of SRCs. From the theoretical point of view, as was mentioned above, the
QCD evolution of quark distributions gives an additional handle on the ability to probe
exceedingly small space-time distances through an increase in Q2 (at the scale of Ioffe time
1/mNxB). From the experimental point of view, deep inelastic processes do not restrict
the phase space of the final states (as is the case for quasielastic processes), and hence one
can use closure to express the cross section through the parton distribution functions of
the nucleus. Measurement of nuclear parton distributions at x ≥ 1 allows one to explore
different aspects of nuclear short-range phenomena.
One of the conventional methods for probing superfast quarks in nuclei is deep inelastic
scattering (DIS) from nuclei at Bjorken x > 1. A number of attempts have been made over
the years. The attempts to measure quarks at x >∼ 1 were undertaken at CERN using a
muon beam[17] and at FNAL using a neutrino beam[18], with mutually contradictory results.
Measurements using electron beams were taken for x ∼ 1 at SLAC[19] with Q2 ≤ 10 GeV2
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and at Jefferson Lab for x > 1 and Q2 = 7 GeV2 [20]. However, this x range gets a significant
contribution from higher-twist quasieleastic scattering up to fairly large Q2 (∼ 15 GeV2).
For example, the nucleus/deuteron cross section ratio is reduced for x = 1 and Q2 = 10 GeV2
by a factor of 2 to 2.5 due to QE contributions[4]. The only way to avoid this is to probe
larger values of Q2 ≥ 30 GeV2, for which the quasieleastic contribution will be a small
correction[2]. Such experiments are currently included in the physics program for the 12
GeV upgrade of Jefferson Lab[21], and the first experimental data will be available within
the next few years[22].
In this work, we propose a new approach for probing superfast quarks by considering
dijet production in proton-nucleus collisions at LHC kinematics. This approach is based on
the possibility of relating the light cone momentum fractions of the initial partons to the
measured kinematics of dijets; by selecting transverse jet momenta and pseudo-rapidities,
one can isolate scattering off the superfast quarks within the nucleus. We develop a theoret-
ical framework for calculating this reaction, which requires addressing several issues, such
as modeling the high-momentum (short range) properties of the nuclear wave function, and
calculating the medium modification of parton distributions within the nucleus and evolv-
ing this modification to the large Q2 values relevant to the LHC. Within the framework we
develop, we calculate the absolute cross section for the reaction and study its sensitivity to
two- and three-nucleon SRCs in nuclei.
The article is organized as follows: In Sec. II we review the formalism of the dijet pro-
duction reaction, including its kinematics and the cross section formula. The cross section
for dijet production depends on the nuclear parton distribution functions (PDFs), which
are discussed in Sec. III. Sec. III also discusses short range correlations and medium mod-
ifications, and how they factor into and affect the nuclear PDFs. This section contains a
description of the structure of the elusive three-nucleon SRCs, and provides a good fit of
EMC effect data using the color screening model of medium modifications. Sec. IV discusses
the hard subprocesses that contribute to dijet production and justifies the use of the leading
order of QCD in calculating them. In Sec. V, we present numerical estimates for the cross
section, and find that at a characteristic pA luminosity reached at the LHC, rates are high
enough to measure x ≥ 1. Additionally, we find high rates for kinematics corresponding to
the EMC effect, which at LHC energies allows the EMC effect to be studied with negligible
higher-twist contributions. In this section we also discuss potential issues related to the
accuracy of jet reconstruction. Conclusions and outlook are given in Sec. VI. The Appendix
gives detailed derivations of the factorization formula and the SRC parts of the nuclear light
cone fraction distributions.
II. BASIC FORMALISM
The reaction we consider is the production of a dijet from a proton-nucleus collision,
p+ A→ dijet +X, (1)
where the kinematics of the two outgoing jets are fully determined. The reaction is treated at
the leading order (LO) in perturbative QCD (pQCD), meaning that the jets are produced by
a two-body parton-parton scattering process, in which one parton originates in the proton
and the other in the nucleus. In our derivation, we consider the nuclear parton to have
originated within a bound nucleon. This scenario is presented in Fig. 1, where we also
define the kinematic variables of the reaction (1).
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FIG. 1: (Color online) Diagram of reaction
A. Jet Kinematics
We consider a reference frame where the incoming proton moves in the +z direction and
the heavy nucleus, with charge number Z and mass number A, moves in the −z direction.
The four-momenta are described using light cone coordinates, namely
pµ ≡ (p+, p−,pT ), (2)
where p± = E± pz and pT is the two-component transverse momentum. Using the on-mass
shell condition and the fact that the energies of the proton and nucleus greatly exceed their
masses, in the collider reference frame one has
pµp =
(
p+p ,
m2p
p+p
, 0T
)
= (2E0, 0, 0T ) =
(√
Asavg.NN
Z
, 0, 0T
)
(3)
pµA =
(
M2A
p−A
, p−A, 0T
)
= (0, 2ZE0, 0T ) =
(
0,
√
AZsavg.NN , 0T
)
, (4)
where E0 is the beam energy per proton in the same reference frame, and s
avg.
NN = 4
Z
A
E20 is
the square of the average center-of-mass energy per nucleon. As an example, a lead-proton
collision with a beam energy of 4 TeV per proton would have an average center-of-mass
energy per nucleon of
√
savg.NN ≈ 5.02 TeV. However, since the motion of the bound nucleon
inside the nucleus will in general be variable, the actual center-of-mass energy per nucleon√
sNN is not a fixed parameter, though it will be equal to
√
savg.NN in the limit where the
nucleons do not interact and all move forward with equal momenta.
At leading order, the collision results in an interaction between two partons, one each
from the proton and the nucleus. Their respective four-momenta are labeled p1 and p2.
We use a collinear approximation, in which the initial partons are treated as having zero
transverse momentum. Moreover, they are treated as massless and on-shell, so
p1 =
(
p+1 , 0; 0
)
p2 =
(
0, p−2 ; 0
)
.
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The light cone momentum fractions are defined for each parton as
xp =
p+1
p+p
=
√
Z
A
p+1√
savg.NN
(5)
xA = A
p−2
p−A
=
√
A
Z
p−2√
savg.NN
. (6)
Note that xA is scaled by a factor of A. The rationale behind this is that the parton from
the nucleus is found within one of its nucleons, and in a limiting case where the nucleons
are all non-interacting and carry equal momenta, their light cone momentum is equal to
p−N,avg =
p−
A
A
, meaning xA ≤ 1 in this case.
In reality, however, the bound nucleons do interact and it is possible that p−2 > p
−
N,avg. In
this situation, the nuclear parton originates from a nucleon which has a larger-than-average
momentum (p−N > p
−
N,avg). This indicates that finding an exceedingly large xA > 1 will
identify a bound nucleon with momentum significantly larger than average.
The parton momentum fractions cannot be directly measured. However, they can be
related to the kinematic parameters of the jets. The jets from the proton and the nucleus
are respectively ascribed four-momenta p3 and p4. At leading order, they come from the
fragmentation of two partons (with the same momenta), which are treated as massless and
on-shell. From energy-momentum conservation, it follows that
p1 + p2 = p3 + p4, (7)
and due to the assumed collinear approximation, p3T = −p4T ≡ pT . Using this relation,
and neglecting the masses of the produced jets, we obtain:
p+3 p
−
3 = p
+
4 p
−
4 = p
2
T . (8)
To proceed, we define the rapidity η as
η =
1
2
log
(
p+
p−
)
, (9)
and use this, with the massless limit (in which p+p− = p2T ) to obtain
p± = pT e±η. (10)
Applied to the jets of reaction (1), this results in p±3 = pT e
±η3 and p±4 = pT e
±η4 . Using these
relations, and energy momentum conservation, viz. Eq. (7), the light cone momenta of the
initial partons can be expressed through jet kinematics in the following form:
p+1 = p
+
3 + p
+
4 = pT (e
η3 + eη4)
p−2 = p
−
3 + p
−
4 = pT
(
e−η3 + e−η4
)
.
These relations can be used to express the momentum fractions xp and xA in terms of jet
5
−6 −4 −2 0 2 4 6
η4
0.0
0.5
1.0
1.5
2.0
x
A
pT = 20 GeV/c
pT = 50 GeV/c
pT = 100 GeV/c
FIG. 2: Dependence of xA on rapidity η4 of parton from nucleus, for several transverse jet
momenta. η3 = 0 and
√
savg.NN = 5.02 TeV in this plot.
observables, namely1
xp =
√
Z
A
pT√
savg.NN
(eη3 + eη4) (11)
xA =
√
A
Z
pT√
savg.NN
(
e−η3 + e−η4
)
. (12)
The main question that concerns us is whether partons with xA > 1 can be seen in proton-
nucleus collisions at the LHC. Eq. (12) suggests that we should look for three conditions:
large pT , small (or somewhat negative) η3, and small (or highly negative) η4. Negative η3 will
require that the parton originating from the proton reverse its direction before fragmenting
into a jet, which is highly unlikely owing to the large momentum transfer necessary to effect
this. Thus, for a given pT , the most plausible scenario is to keep η3 small (∼ 0), and to
look for jets with high rapidity in the nucleus beam direction. Such a situation is presented
in Fig. 2, where the dependence of xA on η4 is given at η3 = 0 for different values of pT .
More practically, as will be discussed in Sec. V, one can integrate over an η3 range centered
around η3 = 0 in order to increase the cross section.
In addition to the momentum fractions, we introduce a characteristic “hardness” scale
Q2, defined through the invariant momentum transfer:
Q2 ≡ −t = −(p1 − p3)2 = 2(p1 · p3) = p+1 p−3 = p2T
(
1 + e−y3+y4
) ≈ p2T .
This scale is used as both a renormalization and factorization scale.
1 Note that for the forward kinematics we are interested in, the measurement of the emission angle and
energy of the forward jet already provides accurate determination of x for large-x partons. See the
discussion in Sec. VD.
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B. Dijet cross section
The factorization formula for the hadronic cross section can be presented in terms of the
partonic cross section as follows:
σpA =
∑
ij
∫ 1
0
dxp
∫ A
0
dxAfi/p(xp, Q
2)fj/A(xA, Q
2)σhard, (13)
where fi/p(xp, Q
2) and fj/A(xA, Q
2) are parton distribution functions (PDFs) for the proton
and nucleus, respectively. This is similar in form to the standard factorization formula for
pp collisions[23, 24], and in fact reduces to it in the free nucleon limit.
Since, at leading order, the momenta of the outgoing partons coincide with the jet mo-
menta, we can integrate out the transverse momentum of one of the jets and express differen-
tials through the rapidities of the outgoing jets. For this purpose, we present the differential
form of Eq. (13) as
dσpA =
∑
ijkl
fi/p(xp, Q
2)fj/A(xA, Q
2)
1
4(p1 · p2)
|Mij→kl|2
1 + δkl
(2π)42δ(1)(p+1 − p+3 − p+4 )
× δ(1)(p−2 − p−3 − p−4 )δ(2)(p3T + p4T )
d3p3
2E3(2π)3
d3p4
2E4(2π)3
dxpdxA, (14)
where we have expressed four-momentum conservation through the light cone momenta.
Here, the indices i, j, k, and l indicate parton types, and Mij→kl is the invariant Feynman
amplitude for the hard partonic scattering process.
Using the definitions of the light cone momenta fractions in Eqs. (5,6), we can express
the delta functions for p± conservation as:
2δ(1)(p+1 − p+3 − p+4 )δ(1)(p−2 − p−3 − p−4 ) =
2A
p+p p
−
A
δ(1)
(
xp − p
+
3 + p
+
4
p+p
)
δ(1)
(
xA − Ap
−
3 + p
−
4
p−A
)
.
(15)
Inserting this relation into Eq. (14), one can integrate out p4T , xp and xA, resulting in
dσpA =
∑
ijkl
A
16π
1
p+p p
−
A
1
2(p1 · p2)fi/p(xp, Q
2)fj/A(xA, Q
2)
|Mij→kl|2
1 + δkl
dp3z
E3
dp4z
E4
dp2T .
The pz elements can be rewritten as rapidities, since dη =
dpz
E
. In addition, as 2(p1 · p2) =
xpxA
A
p+p p
−
A, we have
dσpA =
∑
ijkl
1
16π
(
A
p+p p
−
A
)2
fi/p(xp, Q
2)
xp
fj/A(xA, Q
2)
xA
|Mij→kl|2
1 + δkl
dη3dη4dp
2
T .
Since the square of the average center-of-mass energy per nucleon is
savg.NN =
p+p p
−
A
A
, (16)
the differential cross section can be written in the standard form:
d3σ
dη3dη4dp2T
=
∑
ijkl
1
16π(savg.NN)
2
fi/p(xp, Q
2)
xp
fj/A(xA, Q
2)
xA
|Mij→kl|2
1 + δkl
. (17)
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III. NUCLEAR PDFS
The main theoretical issue to be worked out is the nuclear PDFs fj/A(xA, Q
2). Cur-
rently, there is a lack of strong experimental constraints on nuclear PDFs. Phenomenolog-
ical parametrizations exist for several nuclei, and are based on experimental measurements
of the nuclear structure function F
(A)
2 (x,Q
2) in deep inelastic scattering (DIS) experiments
in a restricted range of x and Q2. (cf. e.g. Refs. [25–30].) Most treatments of the nuclear
PDF parametrize the ratio between the nucleus and the nucleon, which only makes sense
for treating xA up to 1. Ref. [26] instead relates the nuclear and nucleonic PDFs though
a Mellin convolution, and parametrizes the function that is convoluted with the nucleonic
PDF. This approach has the possibility of accounting for xA > 1, but owing to a lack of
experimental constraint, Ref. [26] did not treat this region.
In order to describe xA > 1 in the absence of robust empirical parametrizations of the
nuclear PDFs, we must account for them in terms of the nucleonic PDF theoretically. To
this end, we must look at the theoretical relationship between the nuclear and nucleonic
parton distributions.
Treating the nucleus strictly as a collection of unmodified nucleons with a light cone
distribution normalized by the baryon sum rule leads to a contradiction with experimental
data—in particular for the ratio of nuclear and deuteron DIS cross sections. (See Sec. III B
for details.) However, the introduction of a priori unknown bound nucleon PDFs f
(b)
j/N allows
for the nuclear PDF to be expressed as a convolution between these PDFs and the nuclear
light cone fraction distribution[1, 31, 32]. In the Bjorken limit, where the photon virtuality
Q2 and energy q0 both go to infinity at a fixed xA =
AQ2
2MAq0
, the convolution formula takes
the following form:
fi/A(xA, Q
2) =
∑
N
∫ A
x
dα
α
∫
d2pTfN/A(α,pT )f
(b)
i/N
(xA
α
, α,pT , Q
2
)
, (18)
which can be derived as an impulse approximation (see Appendix A for details). Here,
fN/A(α,pT ) is the light cone fraction distribution of a nucleon N in the nucleus A, described
in Sec. IIIA; α is a scaled light cone momentum fraction given in Eq. (20) of the same
section, and pT is the transverse momentum of the nucleon. The (b) in the superscript of
f
(b)
i/N
(
xA
α
, α,pT , Q
2
)
signifies that this is an bound nucleonic PDF, which differs from the
free nucleon PDF owing to modifications from the nuclear medium. In particular, it is a
function of α and pT in addition to xN =
xA
α
and the factorization scale Q2 because of
medium modifications.
Eq. (18) indicates that to construct nuclear PDFs, one needs to address two theoreti-
cal issues: the nuclear light cone fraction distribution fN/A(α,pT ), and possible medium
modification effects on the bound nucleon PDFs.
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A. Light cone distribution and SRCs
We formally define the light cone fraction distribution in terms of the nuclear wave
function as:
fN/A(α,pT ) =
∫ A∏
j=1
dαjd
2pj,T
αj
ψ† (α1,pT1, . . . , αA,pTA)ψ (α1,pT1, . . . , αA,pTA)
× δ(1)
(
A−
A∑
i=1
αi
)
δ(2)
(
A∑
i=1
piT
){
A∑
i=1
δ(1)(α− αi)δ(2)(pT − piT )
}
(19)
where the (scaled) light cone momentum fraction α given by
α = A
p+N
p+A
, (20)
and pT is the transverse momentum of the nucleon. The light cone fraction distribution is
normalized to obey two sum rules, namely, the baryon number and momentum sum rules:∫ A
0
dα
∫
d2pTfN/A(α,pT ) = 1 (21)∫ A
0
dα
∫
d2pTαfN/A(α,pT ) = 1. (22)
The light cone distribution thus defined can be related to the nuclear light cone density
matrix ρN/A(α,pT ) (cf. e.g. [1, 3, 33]) in the following way:
fN/A(α,pT ) =
1
α
ρN/A(α,pT ). (23)
We employ the light cone fraction distribution fN/A(α,pT ), however, because it represents
a direct analogy to PDFs, although for the distribution of nucleons in nuclei rather than of
partons in hadrons.
For our calculations, we expand the light cone fraction distribution as a sum of contribu-
tions from the nuclear mean field and multi-nucleon short range correlations (SRCs). The
decomposition takes the form:
fN/A(α,pT ) = f
(MF )
N/A (α,pT ) +
A∑
j=2
f
(j)
N/A(α,pT ), (24)
where f
(MF )
N/A (α,pT ) is the mean field part, and f
(j)
N/A(α,pT ) is the distribution of j-nucleon
SRCs.
1. Mean field distribution
The mean field part of the light cone fraction distribution describes how the nucleons
in the nucleus would be distributed if they were only acted upon the mean field generated
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by the (A − 1) other nucleons. The mean field distribution can be related to the wave
function of the nucleus, which is calculated in the non-relativistic limit since the relevant
momenta are smaller than the typical Fermi momentum of heavy nuclei. The simplest
mean field model considers the heavy nucleus as a degenerate Fermi gas, and the typical
Fermi momentum is around 250 MeV/c[34]. More sophisticated momentum distributions
(calculated based on, for example, Hartree-Fock approximations) still fall off sharply above
the Fermi momentum, so the leading order relativistic corrections are at most on the order
of the mean field momentum distribution strength above kF , which < 1% in magnitude.
The mean field distribution is related to the non-relativistic momentum-space wave func-
tion using the sum rules of Eqs. (21,22). If short range correlations are neglected, the mean
field distribution obeys Eqs. (21,22) by itself. The momentum-space wave function Ψ
(N)
MF (p)
(which carries an index of (N) for isospin since the wave function will in general be different
for protons and neutrons) is likewise normalized to unity, so we equate∣∣∣Ψ(N)MF (p)∣∣∣2 d3p = f (MF )N/A (α,pT )dαd2pT .
In the non-relativistic limit, we can write, in the nuclear center of mass frame,
α = A
E + pz
mA
≈ AmN + pz
mA
pz ≈ mA
A
α−mN
dpz ≈ mA
A
dα.
Consequently, we can identify
f
(MF )
N/A (α,pT ) =
mA
A
∣∣∣Ψ(N)MF (p)∣∣∣2 . (25)
One modification must be made when accounting for SRCs. It is not the mean field
part of the light cone distribution, but the light cone distribution taken as a whole that is
normalized to satisfy the sum rules of Eqs. (21,22). Therefore, f
(MF )
N/A (α,pT ) must be scaled
down by a factor of a
(N)
1 (A), which is defined as
a
(N)
1 (A) = 1−
A∑
j=2
∫
dαd2pTf
(j)
N/A(α,pT ), (26)
i.e. it subtracts off the probability that the nucleon is in a short range correlation. For
instance, if a nucleon is in a short range correlation 25% of the time, then a
(N)
1 (A) will be
0.75. In general, however, a
(N)
1 will be different for protons and neutrons.
For numerical estimates, we will use the momentum distributions calculated in Ref. [35]
for the mean field.
2. Two-nucleon correlations
Around 25% of the time, a nucleon in a heavy nucleus is in a two-nucleon short range
correlation[4]. A short range correlation occurs when two nucleons are separated by a
10
distance on the order of 1 fm and consequently have a relative momentum larger than kF .
The analysis of recent experiments indicates[12] that in the momentum range from kF to
∼ 650 MeV/c, the nucleus is well-described by two-nucleon SRCs. Due to the short distance
between the nucleons, the dynamics of the nucleons are primarily influenced by their mutual
interaction rather than by the mean field. The most immediate consequences of two-nucleon
SRCs are a large tail in the momentum distribution above the Fermi momentum, and large
excitation energies of the residual system produced by the removal of the fast nucleons,
which are not reproduced by mean field models[14].
Within the last decade, there has been considerable experimental and theoretical effort
put into studying two-nucleon SRCs and their properties. There are a fair number of triple-
coincidence experiments demonstrating their existence[10, 11, 16] and demonstrating that
two-nucleon SRCs primarily form between a proton and a neutron[9–11]. The fact that most
two-nucleon SRCs are predominantly pn pairs has an important implication for momentum
distributions (and thus for the 2N light cone fraction distribution): for neutron rich nuclei,
a given proton is more likely to be in a short range correlation than a given neutron[36–39].
This means that f
(2)
p/A(α,pT ) > f
(2)
n/A(α,pT ), and consequently (for the sum rules Eqs. (21,22)
to be satisfied), a
(p)
1 < a
(n)
1 .
Another important aspect of two-nucleon SRCs is the universal high-momentum tail that
they introduce to the momentum distribution of nuclei[1, 37, 40, 41]. Most significantly,
because of the dominance of spin-one, isosinglet SRCs, the high-momentum tail behaves
to a good approximation like a scaled version of the high-momentum tail in the deuteron
momentum distribution.
Based on the arguments discussed above, a model of the two-nucleon SRC contribution to
the nuclear light cone fraction distribution should incorporate two main properties: first, the
universality of the form of the high momentum tail and its proportionality to the deuteron
momentum distribution, and second, different high-momentum sharing between protons
and neutrons in asymmetric nuclei. To account for universality, we use the light cone
approximation of Refs. [1, 3, 33], which uses the requirement of rotational invariance to
relate the light cone deuteron wave function to the non-relativistic wave function by using
the internal pn light cone momentum
k =
√
m2(α− 1)2 + p2T
α(2− α) , (27)
which is obtained by the definitions kT = pT and
α = 1 +
kz√
m2 + k2
, (28)
and which also uses high momentum scaling to relate fN/d(α,pT ) to f
(2)
N/A(α,pT ). To account
for isopsin-singlet dominance, we use the model of Ref. [38, 42], in which the high-momentum
part of the nuclear momentum distribution is inversely proportional to the relative fraction
of protons or neutrons. The model additionally includes a scaling factor a2(A), which is
extracted from SRC studies in inclusive eA processes[4, 7, 8].
Accounting for these two effects leads to the two-nucleon SRC light cone fraction distri-
bution:
f
(2)
N/A(α,pT ) =
a2(A)
2χN
|ψd(k)|2
α(2− α)Θ(k − kF ), (29)
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where the extra factor of α(2 − α) is from the phase space of the struck and spectator
nucleons. The details of the derivation of Eq. (29), can be found in Appendix B 1. Here,
ψd(k) is the relativistic, light-cone deuteron wave function, related to the non-relativistic
wave function by
|ψd(k)|2 =
√
m2 + k2 |ψNR(k)|2 , (30)
and χN is the relative abundance of nucleons of type N in the nucleus, i.e. χp =
Z
A
and
χn =
A−Z
A
. The factor of χN is present in Eq. (29) results in the equality∑
p
f
(2)
p/A(α,pT ) =
∑
n
f
(2)
n/A(α,pT ).
This relation is confirmed by quantumMonte-Carlo calculations for light nuclei up to A = 12,
and for medium to heavy nuclei it was confirmed using a correlated basis calculation of the
nuclear momentum distributions in a non-relativistic approach[43]. Such a relation is also
in agreement with the recent analysis of momentum sharing in heavy nuclei[39].
In the present model we neglect by center of mass motion of the SRC2. As a result,
the two-nucleon SRC contribution to the nuclear light cone distribution sets in as soon as
k > kF , which is signified by the step function Θ(k − kF ) in Eq. (29).
The remaining factor in Eq. (29), a2(A), is a scaling factor that describes how large the
high-momentum tail of the nucleus is relative to the high-momentum tail of the deuteron.
It is determined experimentally by examining ratios of quasielasitc inclusive cross sections
of A(e, e′X) and 2H(e, e′X) reactions:
a2(A) =
2σeA(x,Q
2)
Aσed(x,Q2)
at x >∼ 1.4 and Q2 >∼ 1.5 GeV2,
where a roughly flat plateau in the ratio of the quasi-elastic cross sections is observed[4, 7,
8, 13, 15]. The values of a2(A) for various nuclei are well-constrained by experiment[4, 8, 13]
and it is equal to roughly 5.6 for heavy nuclei such as iron-56. In this work, we will also use
a2(
208Pb) = 5.6, as no experimental data for this quantity exist for lead.
For numerical estimates, we use the Paris potential for parameterizing the non-relativistic
deuteron wave function[44] in Eq. (30).
3. Three-nucleon correlations
When the light cone momentum fraction α > 2 (and probably already for α ∼ 1.6 or 1.7),
one expects the nuclear light cone distribution to be dominated by three-nucleon short range
correlations. We consider a three-nucleon SRC to occur when the center of mass momentum
of the 3N system is small, and when the struck nucleon, as well as the other nucleons in the
SRC, have large (> kF ) internal momentum. Such a configuration can naturally generate a
light cone momentum fraction exceeding 2.
There are two distinct mechanisms that could generate three-nucleon correlations. The
first is a sequence of short-range two-nucleon interactions, and the second an irreducible
2 Inclusion of the center-of-mass motion leads to practically the same light cone fraction distribution, but
with a somewhat smaller a2. Since we are interested in quantities sensitive to the light cone fraction
distribution, the difference in the recoil between two models due to center of mass motion has no impact
on our analysis.
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three-nucleon interaction. The second contributes a much larger removal energy part to
the nuclear spectral function than the first mechanism[45]. Since the light cone momentum
distribution is an integral over removal energies, one expects it to be dominated by the
first mechanism, which occurs at lower values of removal energies than the irreducible 3N
interaction. Therefore, neglecting the irreducible 3N interactions, we develop a model of
three-nucleon SRCs where the struck nucleon obtains its momentum from a sequence of
two-nucleon short range interactions. This model is based on the collinear approximation of
Ref. [3], where the three nucleons in the SRC are moving collinearly prior to the interactions
that generate the SRC.
In the present work, we develop the model further using the recently observed dominance
of pn SRCs. This allows us to express the three-nucleon SRC as occurring through a sequence
of pn interactions, and thus the expressing 3N SRC part of the nuclear light cone fraction
distribution as a convolution of two 2N SRC light cone momentum distributions. A full
derivation of the three-nucleon SRC distribution is given in Appendix B 2, with the final
result3:
f
(3)
N/A(α,pT ) = {a2(A)}2
1
α
∫
dα3d
2p3T
α3(3− α− α3)
{
3− α3
2(2− α3)
}2
|ψd(k12)|2 Θ(k12 − kF ) |ψd(k23)|2 Θ(k23 − kF ). (31)
Here, k12 and k13 are relative light cone momenta between pairs of nucleons in the three-
nucleon SRC. Their functional forms are given by Eqs. (B34,B26). α3 and p3T are, respec-
tively, the light cone momentum fraction and the transverse momentum of one of the specta-
tor nucleons in the three-nucleon SRC. Since the three-nucleon SRC is generated through a
sequence of two short-range pn interactions, it can only occur if the conditions under which
the individual pn interactions would occur are satisfied. For this reason, the threshold for
three-nucleon SRCs to appear is that the relative light cone momenta of the pairs should
each satisfy the threshold condition for which short range two-nucleon interactions occur,
namely they should both be above the Fermi momentum kF . It is worth noting that k12
and k23 are both functions of the light cone momentum fraction α3 of a spectator nucleon,
which is integrated over. (cf. Appendix B 2 for details.) Because of this, the discontinuity
of the Θ( ) function is smeared out and f
(3)
N/A(α,pT ) is itself a smooth function.
The factor {a2(A)}2 appearing in Eq. (31) is a consequence of the fact that three-nucleon
SRCs arise from a sequence of short-range pn interactions. In such a scenario, for heavy
nuclei, the probability of having a three-nucleon correlation should be proportional to the
square of the probability of having a two-nucleon correlation.
Eq. (31) may also be written in terms of a scaling factor a3(A), similar to a2(A) the
scaling factor for two-nucleon SRCs. If it is assumed that three-nucleon SRCs are universal
in their behavior, the parameter a3(A) would be possible to extract in a similar way to
a2(A) in the case of 2N SRCs. In particular, as is the case for a2(A), it should be possible
to extract a3(A) through the ratio of quasielastic cross sections for eA and e
3He processes
at high x > 2 and Q2, viz.
a3(A) =
3σeA(x,Q
2)
Aσe3He(x,Q2)
: x >∼ 2.4, (32)
3 This is a large-A approximation, which is expected to have 1
A
corrections owing to surface effects, isospin
asymmetry, and combinatorics of selecting pn pairs.
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FIG. 3: (Color online.) The α dependence of the nuclear light cone distribution for 208Pb.
(a) Compares the mean field by itself to the light cone distribution with 2N and 3N SRCs.
(b) Compares our model to the model in Chapter 5 of Ref. [3].
provided that a 3N SRC plateau is actually observed in this ratio. In principle, the observa-
tion of a3(A) may provide an experimental test of the three-nucleon SRC model presented
in this work. By definition, a3(
3He) = 1, and for Eq. (31) and Eq. (32) to be consistent
would require that a3(A) ∝
(
a2(A)
a2(3He)
)2
. Consequently, we have
f
(3)
N/A(α,pT ) =
{
a2(
3He)
}2 a3(A)
α
∫
dα3d
2p3T
α3(3− α− α3)
{
3− α3
2(2− α3)
}2
|ψd(k12)|2 Θ(k12 − kF ) |ψd(k23)|2 Θ(k23 − kF ). (33)
The experimental status of a three-nucleon scaling plateau is, however, ambiguous. While
observation of an x > 2 plateau was reported in Ref. [8] and in the analysis of SLAC data[1], a
later experiment at similar kinematics and better resolution did not observe the plateau[13].
The discrepancy may be due to a resolution issue, as argued in Ref. [46]. On the theoretical
side, one still needs to investigate whether the kinematics covered by these experiments
correspond to high enough nucleon momentum that universality should be expected to set
in.
In lieu of experimental data for a3(A), we calculate f
(3)
N/A(α,pT ) in this work using
Eq. (31), which requires knowing only the experimentally known quantity a2(A). In Fig. 3,
we present a calculation of the nuclear light cone distribution for 208Pb. In Fig. 3a, we
compare the light cone distribution using Eq. (24), considering only the mean field, and
two-nucleon and three-nucleon correlations in addition. As our calculations show, 3N SRCs
dominate starting only at α >∼ 1.7.
In Fig. 3b, we have compared our model for the nuclear light cone density to a model in
Ref. [3]—in particular, in its Eq. (5.11)—which we call the FS81 model. In this model, the
relative weight of j ≥ 3 SRCs was fixed based on a fit of p+A→ p+X data with 400 GeV
protons[47]. Since this model contains j ≥ 4-nucleon SRCs, it is expected to exceed our
model, as can be seen in Fig. 3b.
14
B. Medium modifications
Our next goal is to calculate PDFs for a bound nucleon, f
(b)
i/N
(
x
α
, α,pT , Q
2
)
, which enter
into Eq. (18). In doing so we should take into account that the nuclear medium is strongly
interacting, and each nucleon has a high probability (20-30%) of being in a short-range
correlation where the nucleons themselves overlap. As a result, it should be expected that
the parton distributions for nucleons immersed in the nuclear medium should be modified
in some way.
Deviations of the nuclear PDFs from expectations based on describing the nucleus as a
system of unmodified nucleons was first observed by the European Muon Collaboration[48]
in measurements of the ratio of cross sections for deeply inelastic muon scattering for nuclear
and deuteron targets, i.e. in
REMC(x,Q2) = 2
A
σeA
σed
≈ 2
A
F
(A)
2 (x,Q
2)
F
(d)
2 (x,Q
2)
. (34)
The ratio was mearued in DIS kinematics which allowed the cross sections to be related
to the structure function F2(x,Q
2). It was originally expected that, except for smearing
from Fermi motion at high x, the structure functions should just be the structure functions
for free nucleons, and thus the ratio should be 1. However, there is a dip below 1 in the
range 0.3 < x < 0.7 that cannot be reproduced by nucleonic motion alone[49, 50]. This
phenomenon is commonly referred to as the EMC effect.
This dip in the ratio REMC is ubiquitous throughout nuclei, and roughly saturates for
large A. Additionally, it is proportional to the local density of the nucleus considered[51],
suggesting that it is an effect of the nuclear medium. Since the structure function F2(x,Q
2)
is directly related to the parton distribution functions, through
F2(x,Q
2) =
∑
i
e2ixfi(x,Q
2), (35)
the EMC effect is commonly interpreted to be due to a modification of the PDF of a bound
nucleon in the nuclear medium. Even though there is a consensus about this, the existing
theoretical models based on modifications of the bound nucleon PDFs differ due to different
assumptions made about the nature of nuclear medium effects (for reviews of the EMC
effect see [52, 53]). It was argued in Refs. [54–56] that the EMC effect for the bound nucleon
should be proportional to the first approximation of its kinetic energy, or more precisely to
the off-shellness of the bound nucleon. This indicates that more modification should occur
in the high momentum part of the nuclear wave function.
Since our goal is to study the effects of SRCs on the reaction (1), and since SRCs dominate
the high momentum part of the nuclear wave function, it will be necessary to account
for the medium modifications that produce the EMC effect when studying this reaction.
In particular, the medium modification effects will be prominent in the nuclear parton
distribution fi/A(x,Q
2) present in Eq. (17). Numerical estimates of the EMC effect will be
based on the color screening model[1, 54], which satisfactorily describes the phenomenology
of the EMC effect observed in inclusive DIS reactions. (See also Ref. [57].)
Before proceeding with a specific medium modification model, we present estimates of
the ratio given in Eq. (34) in the absence of medium modifications in order to assess the
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FIG. 4: (Color online.) EMC ratios at Q2 = 10 GeV2, without medium modifications.
Data are from SLAC experiments: Stars (blue) are from [58]; circles (red) are from [59].
The nucleon structure functions are computed with the Bodek-Ritchie
parametrization[60–62].
extent of the modifications that must occur. Here, F
(A)
2 (x,Q
2) is calculated using
F
(A)
2 (x,Q
2) =
∑
N
∫ A
x
dα
∫
d2pTfN/A(α,pT )F
(N,b)
2
(x
α
, α,pT , Q
2
)
, (36)
which follows from Eq. (35) and the PDF convolution formula Eq. (18), and a phenomeno-
logical parametrization for free nucleons is used to estimate F
(N,b)
2
(
x
α
, α,pT , Q
2
)
4. It should
be noted that, in the absence of medium modifications, the nucleonic structure function
F
(N,free)
2
(
x
α
, Q2
)
is not a function of α (except through xN =
x
α
) or pT . The nuclear light
cone distribution fN/A(α,pT ) in Eq. (36) is calculated using the formalism of Sec. IIIA.
As Fig. 4 shows, there is a significant discrepancy between the calculation and the data
in the SRC-dominated region x > 0.6, indicating that nucleons in SRCs are more strongly
modified by the nuclear medium than nucleons in the mean field. This is consistent with
our expectation that modification should increase with nucleon virtuality, since SRCs occur
at significantly larger momenta.
1. Correctly defining x
Up until now, data from DIS experiments have been plotted against the kinematic Bjorken
scaling variable xN =
Q2
2mpν
, where mp is the mass of the proton. However, the Bjorken
scaling variable that enters into the dynamics of QCD, including the convolution formulas
of Eqs. (18,36), is instead xA =
AQ2
2MAν
. Thus, it is as arguments of xA and xd rather than of
xN that the ratio of Eq. (34) should be presented in order to see dynamical QCD effects. By
contrast, presenting data as a function of xN instead of xA/d artificially shifts the arguments
of the nuclear and deuteron structure functions in Eq. (34) by different amounts, since
4 Hereafter, for FN
2
(
x
α
, Q2
)
of free nucleons we use phenomenological parametrization of Refs. [60–62].
16
0.0 0.2 0.4 0.6 0.8 1.0
xN
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20
R
E
M
C
2
A
F
(A)
2 (xA, Q
2)/F
(d)
2 (xd, Q
2)
2
A
F
(A)
2 (xN , Q
2)/F
(d)
2 (xN , Q
2)
(a) EMC ratio for 56Fe
0.0 0.2 0.4 0.6 0.8 1.0
xN
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20
R
E
M
C
2
A
F
(A)
2 (xA, Q
2)/F
(d)
2 (xd, Q
2)
2
A
F
(A)
2 (xN , Q
2)/F
(d)
2 (xN , Q
2)
(b) EMC ratio for 208Pb
FIG. 5: (Color online.) EMC ratios at Q2 = 10 GeV2, without medium modifications. 2N
and 3N correlations are included in theory curves. The dotted (magenta) lines compare
structure functions as functions of the dynamical QCD scaling variables xA and xd, while
solid (black) lines compare structure functions as functions of the kinematical variable xN .
Data and nucleonic structure function parametrizations are as in Fig. 4.
xA =
Amp
MA
xN and xd =
2mp
Md
xN . Since the deuteron is a loosely bound system with little
binding energy, the arguments for the nuclear and deuteron structure functions are shifted
by substantially different amounts when the nucleus has a high binding energy.
It has been observed[30, 63] that presenting structure function ratios as an argument of
xN rather than xA and xd introduces an artificial dip in the ratio for xN >∼ 0.5. In Fig. 5,
we present theoretical calculations for REMC(xA, xd) (as a function of the dynamical QCD
scaling variables xA/d) and REMC(xN) (as a function of the kinematical Bjorken scaling
variable xN ) for both
56Fe and 208Pb. In these plots, the use of xN as a variable produces
an artificial dip, which partially explains the EMC effect up to xN ∼ 0.5. However, there
continues to be a discrepancy between theory and data, which requires medium modification
to explain.
2. Color screening model of the EMC effect
Any nucleon can be expected to spend some of its time in a point-like configuration (PLC),
in which its constituent quarks are compressed into a volume that is much smaller than the
average volume of the nucleon. A PLC is largely invisible to the color force, in analogy to
neutrally charged atoms in a gas whose van der Waals forces become weaker if the atoms
are compressed. Due to the color neutrality of the nucleon, any color interaction between
nucleons owes to higher moments (dipole, quadrupole, etc.), which decrease with distance
between the color-charged constituents. Moreover, it can be shown by the renormalizability
of QCD that meson exchange between nucleons, one of which is in a PLC, is suppressed[54].
Since nucleons in an average-sized configuration (ASC) and a PLC will interact differently,
the probability that the nucleon can be found in either configuration should be modified by
the immersion of a nucleon in the nuclear medium. In particular, PLCs are expected to
be suppressed compared to ASCs since the bound nucleon will assume a configuration that
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maximizes the binding energy and brings the nucleus to a lower-energy ground state.
The change in probability can be estimated using non-relativistic perturbation theory, as
has been done in Refs. [1, 54]. Since the PLC components in the nucleon PDFs are expected
to dominate in the x ≥ 0.6 region, it was found that in this region the bound nucleon PDFs
should be modified by a factor δA(k
2, xN ), which depends on the nucleon momentum (or
virtuality) as
δA(k
2, xN >∼ 0.6) =
1
(1 + z)2
(37)
z =
k2
mp
+ 2ǫA
∆EA
, (38)
where ǫA is the nuclear biding energy and ∆EA characterizes the nucleon excitation energy
in the medium. In analogy with electric charge screening, this is called the color screening
model of the EMC effect.
We shall use the color screening model as an example for accounting for medium modifi-
cations in calculation of the dijet cross section. For this, one should first fix the parameter
∆EA as well as extrapolate the suppression factor δ to the whole range of x. To do so we im-
plement the color screening model in calculating the nuclear structure function F
(A)
2 (x,Q
2)
and compare it with the available lepton DIS data. Such an implementation is done by
substituting
F
(N,b)
2
(x
α
, α,pT , Q
2
)
= F
(N)
2
(x
α
,Q2
)
δ
(
k2(α,pT ),
x
α
)
(39)
in the convolution formula of Eq. (36) and using the phenomenological parameterization
mentioned above[60–62] for the free nucleon structure function F
(N)
2 (x,Q
2). It is worth
emphasizing that this phenomenological parametrization also contains contributions from
higher-twist effects, so Eq. (39) implies that higher-twist effects are modified the same way
as partonic distributions. Justification for such an approximation follows from the fact
that no strong Q2 dependence has been observed for the experimentally measured range
2 GeV2 < Q2 < 200 GeV2, though errors for large Q2 are fairly large[52, 64].
In comparing the color screening predictions of Eq. (36) with the data, we assumed that
no medium modification occurs at xN <∼ 0.45, and the region between 0.45 < xN < 0.6 is
interpolated linearly5:
δA(k
2, 0.45 < xN < 0.6) = 1 +
xN − 0.45
0.15
{
δA(k
2, xN >∼ 0.6)− 1
}
. (40)
Since the nucleon excitation energy ∆EA is a dynamical parameter depending on the
spin-isopsin composition of interacting nucleons, we fitted it separately for the mean field
and SRC domains of nucleon momenta. For a nucleon in the mean field of a heavy nucleus,
we expect the excitation energy ∆EA to be in the range 300-500 MeV, namely between
the excitation energies of a ∆ and an N∗ resonance. The best fit to data appears to be
∆EA ≈ 500 MeV. For the deuteron, as well as for a nucleon in a 2N SRC, we expect the
lowest excited state to be a ∆∆ configuration, giving ∆Ed ≈ 600 MeV. We assumed the
same ∆E = 600 MeV excitation energy for a nucleon in a 3N SRC, since such a correlation
5 We neglect here a small effect of enhancement of the bound nucleon PDF at smaller x, which is implied
by the baryon charge sum rule.
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FIG. 6: (Color online.) EMC ratios with and without the color screening model of medium
modifications. 2N and 3N correlations are included. Q2 = 10 GeV2, and data and
nucleonic structure function parametrizations are as in Fig. 4.
in our approach is generated through a sequence of 2N correlations. We take ǫA to be the
binding energy per nucleon of the nucleus under consideration when in the mean field and
neglect it for a nucleon in an SRC, since it is expected to be negligible compared to k2/m
in an SRC.
The formula for k in terms of α and pT also depends on whether the nucleon is in the
mean field or a short range correlation. The non-relativistic approximation is adequate for
describing a nucleon in the mean field, and for two-nucleon SRCs Eq. (27) is valid. For
three-nucleon SRCs,
k2 = 2
(α− 1)2m2 + p2T
α(3− α) (41)
is a reasonable approximation if the relative momentum between the spectator nucleons is
small.
As can be seen in Fig. 6, using the parameters described above results in reasonably good
description of the EMC effect. After fixing the δ factor of Eq. (38) and its x-dependence,
the color screening model is now applied to quark PDFs rather than structure functions in
the following form:
fi/A(x,Q
2) =
3∑
j=1
∑
N
∫ A
x
dα
α
d2pTf
(j)
N/A(α,pT )fi/N
(x
α
,Q2
)
δ
(j)
A
(
k2(α,pT ),
x
α
)
. (42)
The sum over j here indicates the sum over the mean field (j = 1) and j-nucleon SRC
(j = 2, 3) parts of the light cone fraction distribution. δ
(j)
A
(
k2(α,pT ),
x
α
)
has an index j here
to indicate that the color screening model affects the mean field and SRCs differently.
To estimate the medium modification for gluon distributions we notice that the medium
modifications occur predominantly at large x, where valence quarks dominate. Gluons in
this region would originate as radiation from quarks, and would therefore inherit medium
modifications from the quarks. For this reason, we apply Eq. (42) to gluons as well as quarks
and anti-quarks6. The result of applying the color screening model to the nuclear PDF is
6 Anti-quark and gluon contributions are, however, negligible in the region we are considering.
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FIG. 7: (Color online.) Isospin-weighted ratio of the u quark distribution for 208Pb and the
free nucleon, both with and without the color screening model. 2N and 3N correlations are
included in the 208Pb distribution. Curves are at Q2 = 10 GeV2. PDF parametrization is
CT10[65].
demonstrated in Fig. 7.
3. Evolution of medium modifications
The EMC effect has so far been observed in a restricted range of Q2, around Q2 ∼ 2-
200 GeV2, with the greatest modification at x >∼ 0.6. The experimental errors, especially
at large Q2, do not allow the identification of any appreciable Q2 dependence of the EMC
ratio. However, from the point of view of QCD, one should expect at least logarithmic Q2
dependence, owing to the evolution of high-x, low-Q2 partons into lower x with an increase
of Q2. This will be the case with evolution to the high Q2 ∼ 104 GeV2 relevant to the LHC.
In our estimates of medium modification in dijet production, we predict how the EMC effect
will manifest at Q2 = 104 GeV2 using DGLAP evolution[66–68].
It is necessary when considering medium modifications to use DGLAP evolution to evolve
the nuclear PDFs obtained at low Q2 to high Q2, rather than to apply the medium-modified
convolution formula Eq. (42) to a high-Q2 nucleonic PDF. The factors δ
(j)
A (k
2, xN ) in the color
screening model, for instance, contain x dependence in the form of a linear interpolation,
preventing this term from being factored out of a DGLAP integral. The x dependence in
this factor is particular to the model’s purpose of explaining DIS cross section ratios at low
Q2, so cannot a priori be expected to have the same x dependence at large Q2. Eq. (42)
cannot be directly applied at high Q2 without evolving δ
(j)
A (k
2, xN), which has unknown Q
2
dependence. However, by applying DGLAP evolution to the medium-modified nuclear PDF
as a whole, which is obtained from Eq. (42) at low Q2, the correct Q2 dependence of medium
modification can be obtained.
The standard DGLAP formula is modified to account for the possibility of x > 1 inherent
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FIG. 8: (Color online.) Isospin-weighted ratio of u quark distribution for 208Pb to that of
the free nucleon. 2N and 3N correlations are included in the 208Pb distribution. (a) As a
function of x. Unevolved lines are at Q2 = 10 GeV2, and evolved at Q2 = 10000 GeV2. (b)
As a function of Q2, with the EMC effect accounted for by the color screening model. The
Q2 = 10 GeV2 PDFs are computed using the CT10 parametrization[65], as well as the
convolution formula Eq. (18).
in dealing with nuclei; in particular, we have
∂fi/A(x,Q
2)
∂ log(Q2)
=
αs(Q
2)
2π
∑
ij
∫ A
x
dy
y
Pij
(
x
y
)
fj/A(y,Q
2). (43)
Here, Pij are the Alterelli-Parisi splitting functions[68]. In our calculation, we solved Eq. (43)
numerically within the leading order approximation, using the nuclear PDFs obtained in the
previous sections as input. (Next-to-leading order corrections to the evolution of medium
modifications are expected to be negligible at the high x being considered here.) The results
of this calculation are shown in Fig. 8, which considers isospin-weighted ratios of the nuclear
u quark distribution to the free nucleonic u distribution, since the effects of evolution are
most easily seen in ratios. Fig. 8a in particular compares the effects of evolution on nuclear
PDFs with and without medium modification accounted for. Fig. 8b shows how the modified
PDFs, as functions of Q2, evolve at several fixed values of x. At x ∼ 0.5, where the PDF
ratio mostly deviates from 1 due to medium modifications, the ratio is roughly constant as
Q2 increases, suggesting little evolution of the medium modification itself. On the other
hand, the PDF ratio at x ∼ 0.7 is more strongly Q2-dependent, showing that at high Q2,
the enhancement of the nuclear PDF relative to the nucleonic PDF due to Fermi motion and
SRCs becomes more important at lower x—a fact that can also be seen in Fig. 8a, where
the steep increase in the ratio occurs at a lower x when Q2 is increased.
The high-x enhancement of nuclear PDFs moves to the left in Fig. 8a because, as a parton
evolves, it radiates other partons which carry off part of its forward light cone momentum,
causing its light cone momentum fraction x to decrease as Q2 increases. Accordingly, a quark
with a somewhat moderate value of x which is probed at the high Q2 characteristic of the
LHC could have originated within a “primordial,” low-Q2 quark with a higher momentum
fraction x. The extent to which lower-x, higher-Q2 partons can be considered as originating
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FIG. 9: Evolution trajectories for 208Pb, from Q2 = 10 GeV2 to Q2 = 40000 GeV2. 2N and
3N SRCs as well as color screening are considered. The Q2 = 10 GeV2 PDFs are computed
using the CT10 parametrization[65], and Eq. (18).
within higher-x, lower-Q2 partons is quantified by the QCD evolution trajectory, which is
detailed in Ref. [69].
The QCD evolution trajectory starts at a point (x0, Q
2
0) in x-Q
2 parameter space, and
describes the evolution of a particular parton flavor i. Another point (x,Q2) lies on the
evolution trajectory if half of the PDF fi/A(x,Q
2) originated from evolution of the portion
of the Q2 = Q20 PDF at x ≥ x0, i.e. if, given f˜i/A(x,Q2; x0, Q20) defined by
∂f˜i/A(x,Q
2; x0, Q
2
0)
∂ log(Q2)
=
αs(Q
2)
2π
∑
ij
∫ A
x0
dy
y
Pij
(
x
y
)
f˜j/A(y,Q
2; x0, Q
2
0) (44)
f˜i/A(x,Q
2
0; x0, Q
2
0) = fi/A(x,Q
2
0)Θ(x− x0), (45)
then the x for a given Q2 on the trajectory is given by the requirement
f˜i/A(x,Q
2; x0, Q
2
0) =
1
2
f(x,Q2). (46)
Note that Eq. (45) defines an initial condition, which ensures that when its argument x < x0,
the function f˜i/A(x,Q
2; x0, Q
2
0) comes from the evolution of partons with x ≥ x0, and thus
that Eq. (46) has the required interpretation.
With these considerations in mind, several QCD evolution trajectories for the nuclear u
quark distribution in 208Pb are presented in Fig. 9. Consistent with the findings of Ref. [69],
the trajectories do not move very far to the left for large x0, so there is little hope of seeing
primordially superfast (x > 1) quarks at moderate x values; even the trajectory which
starts at (x0 = 1, Q
2
0 = 10 GeV
2) fails to reach x = 0.95 by the time Q2 = 40000 GeV2,
corresponding to a pT = 200 GeV/c jet.
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Subprocess |M|
2
g4s
qj + qk → qj + qk 49 s
2+u2
t2
qj + qj → qj + qj 49
(
s2+u2
t2
+ s
2+t2
u2
)
− 827 s
2
ut
qj + q¯j → qk + q¯k 49 t
2+u2
s2
qj + q¯j → qj + q¯j 49
(
s2+u2
t2
+ t
2+u2
s2
)
− 827 u
2
st
qj + q¯j → g + g 3227 u
2+t2
ut − 83 u
2+t2
s2
g + g → qj + q¯j 16 u
2+t2
ut − 38 u
2+t2
s2
qj + g → qj + g −49 u
2+s2
us +
8
3
u2+s2
t2
g + g → g + g 92
(
3− uts2 − ust2 − stu2
)
TABLE I: Squared matrix element for hard partonic processes at leading order, summed
over final spins and averaged over initial spins, and divided by g4s . j 6= k in subprocesses
where both indices are present. The table is from Ref. [70].
IV. HARD SUBPROCESSES
We have developed a model of nuclear PDFs at x > 0.1 that accounts for both short
range correlations and effects from medium modification. In addition to a model for PDFs,
however, we also need to calculate the squares of the invariant matrix elements |Mij|2 for the
hard partonic subprocesses that contribute to Eq. (17). We consider two partons, labeled i
and j, to exist in the initial state of the reaction—one from each of the proton and the heavy
nucleus participating in the reaction (1). At leading order, a dijet is associated with two
partons in the final state, which we label k and l. Each parton can in principle be a quark,
an anti-quark, or a gluon, although what partonic subprocesses are possible is limited by
quark flavor conservation. A list of the possible two-parton to two-parton subprocesses and
their squared matrix elements is presented in Table I (cf. [70]).
At next-to-leading order (NLO), a dijet can be associated either with two or with three
partons in the final state, provided two of the three partons have small enough differences
in both their rapidities and their azimuthal angles, so that ∆φ2 + ∆η2 < R2, where R is
the cone radius used for defining jets. Additionally, three-parton dijets are needed to cancel
the infrared divergences in the NLO contributions to the two-parton to two-parton matrix
elements[71]. Finally, identifying two partons as a single jet in the NLO contribution alters
the simple kinematical formula Eq. (6) for determining xA through dijet kinematics.
These facts indicate that we should verify the adequacy of the leading order approxima-
tion. To make this verification, we perform a leading order calculation of the reaction (1)
for the case of A = 1, i.e. for dijet production from proton-proton collisions, for which a
fair amount of experimental data in the kinematical regime of interest exist. We compare
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FIG. 10: (Color online) Comparison of leading-order (LO) calculation of the two-fold
differential cross section using Eq. (C4) to experimental data from Ref. [72]. Proton PDF
used is CT10[65]
the calculation within the leading order to experimental data from Ref. [72]. The data,
however, are given in terms of a two-fold differential cross section d2σ/dmJJd|y∗|, where
m2JJ = (p3+p4)
2 and y∗ is the rapidity of an individual jet in the dijet center of mass frame.
The relationship of this two-fold differential cross section to the three-fold differential cross
section of Eq. (17) is given in Appendix C, and a calculation of the leading-order calculation
with the data is given in Fig. 10. As the comparison shows, we have a reasonably good
agreement with the data that validates the use of leading order for calculating the hard
subprocesses that contribute to reaction (1).
V. NUMERICAL ESTIMATES
In the previous sections, we have developed all the components necessary to calculate
the three-fold differential cross section of Eq. (17) for the dijet production reaction (1). It
is our intention to use them to determine the sensitivity of the dijet production reaction (1)
to the presence of short range correlations in the nucleus, as well as to medium modification
effects. Additionally, we will look at nuclear partons with xA > 1 in particular. Since xA
can be related to measurable jet kinematics via Eq. (6), it is necessary to elaborate on the
kinematics we will consider. Once the kinematics considered are clarified, we will present
numerical estimates of the three-fold differential cross section of Eq. (17) at these kinematics,
and additionally we will estimate the partially and fully integrated cross sections to find out
if events corresponding to xA > 1 are frequent enough to be measurable at the LHC.
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A. Kinematics considered
Since one of our goals is to probe xA > 1, we consider kinematics that maximize xA
7.
According to Eq. (6), three variables are related to xA. The jet rapidities η3 and η4 should be
as small or highly negative as possible in order to maximize xA. Additionally, the transverse
jet momentum pT should be as large as possible. On the other hand, non-central jets are
more difficult to detect and identify, and the jet cross section for large pT is known to drop
rapidly. It is necessary to find a balance between kinematics that will increase xA and those
that will produce an appreciable yield.
Since central jets are easier to detect, and since we are interested in superfast partons in
the nucleus, we consider dijets with one jet produced in the central rapidity region where
LHC detectors have the best resolution and the second jet moving in the direction of the
nucleus beam. In particular, the rapidity ranges considered are −2.5 < η3 < 2.5 and
3 < −η4 < 5. We also consider a pT range from 40 GeV/c to 200 GeV/c.
B. Three-fold differential cross section
Eq. (17) can be used to obtain numerical estimates of the three-fold differential cross sec-
tion d3σ/dη3dη4dp
2
T for the dijet production reaction (1). Numerical estimates are presented
in Fig. 11, where estimates with and without short range correlations are presented for com-
parison, and likewise estimates with and without medium modification are presented. As can
be seen in Figs. 11a, the presence of SRCs increases the cross section for superfast (xA > 1)
quarks considerably. Fig. 11b demonstrates the relative importance of three-nucleon SRCs
in particular at large xA. On the other hand, medium modification decreases the cross sec-
tion, especially at large x where highly-modified SRCs dominate the cross section, as can
be seen in Figs. 11c and 11d.
In addition to comparisons of the effects of SRCs and medium modifications within the
model for the nuclear light cone density presented in this work, we compare in Fig. 12 the
prediction for the three-fold differential cross section using our model to the one made using
the FS81 model[3]. The FS81 model uses exponential decay to model the large α part of the
nuclear light cone density, and likewise the nuclear PDF calculated using this model exhibits
exponential decay for large xA. It is for this reason the curve for the FS81 model appears
as a straight line in the log plot of Fig. 12. Qualitatively, the model of this work can be
distinguished experimentally from the FS81 model by determining whether the three-fold
differential cross section of Eq. (17) falls exponentially or faster than a simple exponential.
C. Partially integrated cross section
Next we study the sensitivity to SRCs and medium modification effects of the one-fold
differential cross section dσ
dpT
, which is obtained by integrating Eq. (17) over the pseudo-
rapidities of the jets. The main goal in doing so is to maximize the absolute cross section
while retaining highest possible sensitivity to short-range nuclear phenomena, namely the
x > 1 region. For this we choose the ranges of rapidity integrations in order to maximally
7 We are also interested in the EMC effect region, since current DIS data are either at low Q2 where
higher-twist effects are significant, or have poor accuracy for x >∼ 0.65. The kinematics of interest here
will also cover such moderate x values.
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FIG. 11: (Color online.) Three-fold differential cross section for p+208Pb→ dijet +X
according to Eq. (17). (a) and (c) are absolute cross sections. (b) and (d) are ratios. (b) is
the ratio of the three-fold differential cross section when 2N and 3N SRCs are both
considered to when only 2N SRCs are considered. (b) is the ratio of the three-fold
differential cross section with medium modifications to without. η4 is constrained to the
range (−5,−3), and η3 = 0. Proton PDF used is CT10[65].
preserve the sensitivity from the x > 1 domain. The ranges of η3 and η4 that are considered
have been discussed above, namely the jet originating from the proton should be in the
central region −2.5 < η3 < 2.5 and the jet originating from the nucleus should be forward
in the nucleus beam region, i.e. −5 < η4 < −3. Thus, the one-fold differential cross section
is:
dσ
dpT
=
∫ 2.5
−2.5
dη3
∫ −3
−5
dη4
2pTd
3σ
dη3dη4dp
2
T
. (47)
In order to verify the sensitivity of Eq. (47) to the kinematic domain of superfast quarks
(x > 1), we compare it with the one-fold differential cross section over the same range of η3
and η4, but with x > 1 events selected for only, viz.
dσ(xA > 1)
dpT
=
∫ 2.5
−2.5
dη3
∫ −3
−5
dη4
2pTd
3σ
dη3dη4dp
2
T
Θ(xA − 1). (48)
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FIG. 13: Differential cross section for p+208Pb→ dijet +X , according to Eqs. (47,48).
Computed using CT10 for proton PDF[65].
By comparing the differential cross sections of Eqs. (47) and Eqs. (48), we can determine
the range of pT in which the results are close, and accordingly identify the pT region that is
sensitive to short-range nuclear phenomena.
In Fig. 13 we present estimates of the differential cross sections of Eqs. (47,48). Fig. 13a
compares the differential cross section, in the absence of medium modifications, without
and with short-range correlations accounted for. Most dijets with transverse momentum up
to about 100 GeV/c can be attributed to nucleons in the mean field. By contrast, dijets
with high pT >∼ 150 GeV/c can be attributed predominantly to short range correlations.
In addition, selecting only dijets with kinematics corresponding to an initial state nuclear
parton with xA > 1 produces a differential cross section that is at least an order of magnitude
larger when SRCs are considered than for the mean field by itself. This confirms that xA > 1
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Unmodified Modified (no SRCs) Modified (SRCs) FS81 (modified)
All xA 7.8 µb 6.8 µb 6.9 µb 6.9 µb
0.6 < xA < 0.7 0.94 µb 0.73 µb 0.72 µb 0.76 µb
0.7 < xA < 0.8 0.38 µb 0.25 µb 0.27 µb 0.28 µb
0.8 < xA < 0.9 0.17 µb 0.07 µb 0.08 µb 0.09 µb
0.9 < xA < 1 36 nb 14 nb 21 nb 23 nb
1 < xA 12 nb 2.3 nb 5.7 nb 7.3 nb
TABLE II: Estimates of integrated cross sections, for different bins of xA. Calculations
include two- and three-nucleon SRCs.
events can be attributed predominantly to the presence of SRCs in the nucleus, and also
indicates that finding a large yield for xA > 1 events can demonstrate the presence of SRCs.
On the other hand, since SRCs are highly modified in the nuclear medium, xA > 1 events
in particular are suppressed by the EMC effect, as can be seen in Fig. 13b. This means the
value of the one-fold differential cross section for xA > 1 dijet events experiences two effects
that compete with one-another: it is increased by the presence of SRCs, but it is at the
same time suppressed by medium modifications, which most strongly affect SRCs.
In addition to one-fold differential cross sections, we also present estimates for the total
integrated cross section in order to show that xA > 1 events should produce a measurable
yield. Since jet identification at low pT is difficult, we consider the total cross section inte-
grated from a minimum pT value of 50 GeV/c. In Table II we present numerical estimates
for the total cross section for different bins of x as indicated in the table. In addition to
comparing the integrated cross section with and without medium modifications, we have
compared the model of this work to the FS81 model[1] (with medium modifications ac-
counted for by the color screening model). The FS81 model predicts a larger cross section
than our model does at xA > 1, owing to the different form of 3N correletions, as well as
the implicit inclusion of 4, 5, etc. nucleon correlations in their light cone density.
As can be seen in Table II, medium modifications suppress the integrated cross section,
especially at high xA. This is consistent with the expectation that medium modifications
affect SRCs especially strongly. However, despite the suppression by medium modification,
the cross section remains large enough to be observable. In particular, with an integrated
luminosity of 35.5 nb−1 (achieved in the 2013 pA run of the LHC), the expected yield for
xA > 1 events (with suppression from the color screening model considered) is about 200
events. Additionally, the expected yield for xA > 0.6—the classical kinematical region of
the EMC effect—is about 39000 events, suggesting dijet production from pA collisions could
be used to study the EMC effect at high Q2 where higher-twist effects are negligible, but
where existing experimental data have large error bars.
D. Jet resolution
To use the leading order kinematic relations Eqs. (11,12) requires unambiguous identi-
fication of two jets with equal pT , and neglects effects of jet fragmentation. There could
be a number of issues related to jet production and reconstruction which may spoil these
relations.
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Experimental measurement of the cross section of jet (or dijet) production involves using
a particular algorithm for extracting information about single (di-) jet production kine-
matics. Currently, the anti-kt jet clustering algorithm[73] is widely used. For jets with
pT ≥ 150 GeV/c, which we consider here, a cone with R = 0.2-0.4 is usually used. Numeri-
cal studies for the p+A→ jet+X process with the jet produced in the proton fragmentation
region, performed in [74] using anti-kt clustering algorithm and PYTHIA, find that in the
kinematics studied by ATLAS[75], the value of y = (Ejet + pz,jet)/2Ep determined using
anti-kt clustering algorithm with R = 0.4 is very close to the xp of the colliding proton for
xp ≥ 0.2 up to xp ∼ 0.7 (higher xp were not studied in Ref. [74] due to the lack of statistics).
This allows good tracking of x for the large x parton.
In principle, fluctuations in the energy deposited in the calorimeter could have affect such
a determination for large x where distribution drops very steeply, leading to a large value
of
∂ lnF
(A)
2 (x,Q
2)
∂x
. However, it is easy to check that for F
(A)
2 (x,Q
2) ∝ exp(−bx) with b ∼ 8,
variation with x for x > 0.6 is weaker in the nucleus case. Moreover, detection of the central
jet we envision should help to suppress the effects of large fluctuations. The observation of
the central jets would additionally help to suppress contribution of multiparton interactions
(MPI), in which production of two jets with e.g. xA ∼ 0.5 could mimic production of one
xA ∼ 1 jet.
Another potential problem is the subtraction of the contributions of the underlying events
for xA > 0.5. On one hand, the underlying activity is higher in this case than in pp collisions.
On the other hand, for η ∼ −4 it is significantly smaller than for the central rapidities. The
anti-kt algorithm is well suited for dealing with such problems.
Obviously further simulations are necessary, which would be based on more detailed ex-
perimental information about the underlying event fluctuations in the backward kinematics
than are available now. Simulations should also account for energy and angular resolutions
and the acceptances of the detectors, as well as treating NLO effects like pT inbalance be-
tween the two jets. Such a simulation would require a joint effort of experimentalists and
theorists, and is beyond the scope of this paper.
VI. CONCLUSIONS
In this work, we have shown that superfast partons inside a heavy nucleus with x > 1
are experimentally accessible at the LHC, and can be probed in dijet production reactions
from proton-nucleus collisions. The value of x can be related to jet kinematics in the LHC
rest frame in a straightforward way, so it is possible to select events that correspond to
x > 1. Partons with x > 1 can predominantly be attributed to the presence of short range
correlations between nucleons within the nucleus. Expected medium modifications suppress
the cross section appreciably, but the total x > 1 cross section remains on the order of a few
nanobarns, making measurement feasible. Additionally, it is possible to to perform novel
studies of the EMC effect in the x < 1 region.
The observability of superfast partons in the nucleus owes itself to the presence of short
range correlations. This fact tells us that it is inadequate to treat the nucleus as a collection
of free nucleons, moving forward with equal light cone momenta. The internal structure
of the nucleus, and the relative momenta of its nucleons, are necessary to account for. We
observe that even in the one-fold differential cross section for inclusive dijet production,
looking at large transverse jet momenta (pT ≥ 150 GeV/c) allows one to select events
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FIG. 14: (Color online) The impulse approximation diagram for zero-degree HA scattering.
originating from short range correlations in nuclei. Overall, our conclusion is that even
at such high energies as those at the LHC, short range nuclear structure can be explored,
and it will dominate the rate of the events with large transverse momenta and negative
pseudo-rapidities in nuclear fragmentation region.
We expect the formalism to have further applications beyond dijet production in proton-
nucleus collisions. In particular, short range nuclear structure and medium modification
can be checked in Drell-Yan processes both in proton-nucleus and nucleus-nucleus collisions.
Additionally, it will prove necessary to account for multi-nucleon short range correlations to
correctly predict the high-x cross section in inelastic nuclear DIS experiments at high energy.
The Electron Ion Collider[76] in particular will be able to carry out such experiments, where
the formalism developed in this work will prove necessary. In particular, the nuclear PDF at
high Q2 will need to be obtained through QCD evolution, since the phenomenological models
that exist to account for nuclear modifications are constructed using lower-Q2 experimental
data.
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Appendix A: Derivation of impulse approximation
Here, we derive the impulse approximation for scattering of a hard probe H from a
nucleus, which is assumed in the convolution approach taken in Eq. (18). We utilize the
assumption that the PDFs of the nucleus factorize as in Eq. (13), We then proceed to
derive the impulse approximation under a model where the nucleus consists of a system of
bound nucleons on the light cone. Corrections to the impulse approximation from nuclear
shadowing become important at xA <∼ 0.15[1], so the derivation to follow assumes xA > 0.15.
The derivation is performed using light cone perturbation theory. The approach taken
here is to calculate the forward HA scattering amplitude using the diagram depicted in
Fig. 14, and to use the optical theorem to relate this to the total inelastic HA cross section.
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In principle, HA scattering can be accomplished in the impulse approximation by scattering
from any of the bound nucleons, and for the full amplitude, a sum over i is necessary.
To begin, the diagrammatic rules of light cone perturbation theory[77] give
MHA→HA =
A∑
i=1
∫ ∏
j 6=i
dk−j d
2kjT
2(2π)3
{
u¯λA(pA)u¯
λh(ph)ΓN/A
[∏
j 6=i
∑
λj
uλj(kj)u¯
λj(kj)Θ(k
−
j )
k−j
]
×
∑
λi
uλi(ki)u¯
λi(ki)Θ(k
−
i )
k−i
1∑
init. k
+ −∑inter. k+ΓHN∗→HN∗
∑
λi
uλi(ki)u¯
λi(ki)Θ(k
−
i )
k−i
× 1∑
init. k
+ −∑inter. k+ΓN/Auλh(ph)uλA(pA)
}
. (A1)
Here ΓN/A represents the effective vertex of transition of the nucleus with mass number A to
A nucleons. Since the nucleus is traveling rapidly in the −z direction, it is x− that is taken as
the “time” coordinate, and thus k+ is taken as the “energy.” Note that we have used uλ(p)
to denote the part of a particle’s wave function that transforms under a representation of the
Lorentz group, even if the particle in question (e.g., a spin-zero nucleus) is not a fermion.
The factors of (
∑
init. k
+ −∑inter. k+)−1 in Eq. (A1) represent intermediate states in the
diagram, which are cut in Fig. 14 by dashed (green) lines. All light cone energies are defined
to be on shell, so each k+ is determined by the on-shell relation k+k− = m2 + k2T . For the
initial and intermediate states, this means:∑
init.
k+ = p+A + p
+
h (A2)
∑
inter.
k+ = p+h +
A∑
j=1
k+j (A3)
∑
init.
k+ −
∑
inter.
k+ = p+A −
A∑
j=1
k+j =
1
p−A
(
M2A −
A∑
j=1
m2N + k
2
jT
αj/A
)
. (A4)
Accordingly, the intermediate state factors can be rewritten as
1∑
init. k
+ −∑inter. k+ =
p−A
M2A −
∑A
j=1
m2
N
+k2
jT
αj/A
. (A5)
This, together with helicity conservation at the HN∗ vertex and some reshuffling of terms,
allows the full amplitude to be rewritten as
MHA→HA =
A∑
i=1
∑
{λj}
∫ ∏
j 6=i
dk−j d
2kjT
2k−j (2π)3
{(
p−A
k−i
)2 u¯λA(pA)ΓN/A [∏Aj=1 uλj(kj)]
M2A −
∑A
j=1
m2
N
+k2
jT
αj/A
× [u¯λh(ph)u¯λi(ki)ΓHN∗→HN∗uλi(ki)uλh(ph)]
[∏A
j=1 u¯
λj (kj)
]
ΓN/Au
λA(pA)
M2A −
∑A
j=1
m2
N
+k2
jT
αj/A
}
.
(A6)
31
This can be simplified by using the subprocess amplitude
MHN∗→HN∗(αi,kiT ) =
[
u¯λh(ph)u¯
λi(ki)ΓHN∗→HN∗uλi(ki)uλh(ph)
]
(A7)
which depends on the momentum of the nucleon that was struck. Using this amplitude and
the A-body light cone nuclear wave function, defined by
ψ
{λj}
N/A({αj}, {kjT}) = −
1√
A
(√
1
2(2π)
)(A−1) [∏A
j=1 u¯
λj (kj)
]
ΓN/Au
λA(pA)
M2A −
∑A
j=1
m2
N
+k2
jT
αj/A
, (A8)
for the HA forward amplitude one obtains
MHA→HA =
A∑
i=1
∫ ∏
j 6=i
dαjd
2kjT
αj
{
A
α2i
∣∣∣ψ{λj}N/A({αj}, {kjT})∣∣∣2MHN∗→HN∗(αi,kiT )
}
. (A9)
The line over the nuclear light cone wave function squared signifies a sum over nucleon spins
and an average over nucleus spin.
To proceed further, a completeness (containing momentum conservation) relation is used:
1 =
∫ A
0
dαi
∫
d2kiT δ
(1)
(
A−
A∑
j=1
αj
)
δ(2)
(
A∑
j=1
kjT
)
, (A10)
giving
MHA→HA =
A∑
i=1
∫ A∏
j=1
dαjd
2kjT
αj
{
δ(1)
(
A−
A∑
j=1
αj
)
δ(2)
(
A∑
j=1
kjT
)
× A
αi
∣∣∣ψ{λj}N/A ({αj}, {kjT})∣∣∣2MHN∗→HN∗(αi,kiT )
}
. (A11)
Using optical theorem, applied the HA and HN scattering amplitudes in Eq. (A11):
Im(MHA→HA) = sHAσHA (A12)
Im (MHN∗→HN∗(αi,kiT )) = sHN∗(αi)σHN∗(αi,kiT ) = αi
A
sHAσHN∗(αi,kiT ), (A13)
one obtains for the HA inelastic cross section
σHA =
A∑
i=1
∫ A∏
j=1
dαjd
2kjT
αj
{
δ(1)
(
A−
A∑
j=1
αj
)
δ(2)
(
A∑
j=1
kjT
)
×
∣∣∣ψ{λj}N/A({αj}, {kjT})∣∣∣2σHN∗(αi,kiT )
}
. (A14)
Furthermore, inserting the relation relation
1 =
∫ A
0
dα
α
∫
d2pTαiδ
(1)(α− αi)δ(2)(pT − kiT ), (A15)
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into Eq. (A16) gives
σHA =
∫ A
0
dα
α
∫
d2pT
[∫ A∏
j=1
dαjd
2kjT
αj
{
δ(1)
(
A−
A∑
j=1
αj
)
δ(2)
(
A∑
j=1
kjT
)
×
(
A∑
i=1
αiδ
(1)(α− αi)δ(2)(pT − kiT )
)∣∣∣ψ{λj}N/A({αj}, {kjT})∣∣∣2
}
σHN∗(α,pT )
]
,
(A16)
which, using the definition of the light cone density matrix ρN/A(α,pT ) (cf. Eq. (19) and
note that fN/A(α,pT ) =
1
α
ρN/A(α,pT )), gives
σHA =
∫ A
0
dα
α
∫
d2pTρN/A(α,pT )σHN∗(α,pT ). (A17)
From here, we make use of the assumption that the HN∗ inclusive scattering cross section
factorizes in terms of universal PDFs, namely
σHN∗ =
∑
j
∫ 1
0
dxN∗fj/N∗(xN∗ , Q
2, α,pT )σHj , (A18)
where σHj is the hard cross section for inclusive scattering of the hard probe H from a
parton with flavor j, and where xN∗ is the light cone momentum fraction of the parton in
the bound nucleon. In general, the the bound nucleon is off its light cone energy shell, so
a priori, its PDF fj/N∗(xN∗ , Q
2, α,pT ) depends on the degree of off-shellness. This fact is
signified in the dependence of the bound nucleon PDF on α and pT .
Using now Eq. (A18) one arrives at:
σHA =
∑
j
∫ A
0
dα
α
∫
d2pTρN/A(α,pT )
∫ 1
0
dxN∗fj/N∗(xN∗ , Q
2, α,pT )σHj . (A19)
The integration over xN∗ can be converted into integration over xA, with limits of 0 and A,
provided xA < α, which can be satisfied by setting the lower integration limit of α to xA.
This results in the expression:
σHA =
∑
j
∫ A
0
dxA
[∫ A
xA
dα
α2
∫
d2pTρN/A(α,pT )fj/N∗(xN∗ , Q
2, α,pT )
]
σHj . (A20)
Under the assumption that the HA inclusive scattering cross section factorizes, the quantity
in the square brackets of Eq. (A20) is equal to the nuclear PDF, thus giving Eq. (18).
Appendix B: Light cone densities for short range correlations
In this Appendix, we will derive the functional forms of the light cone density matrices
for two-nucleon and three-nucleon short range correlations. These can be related to the
light cone fraction distributions through fN/A(α,pT ) =
1
α
ρN/A(α,pT ). In the following
calculations, the direction of z axis is defined by the nuclear momentum. Therefore the “+”
component of the nucleus momentum is a large parameter.
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FIG. 15: (Color online) Cut diagram for calculating 2N SRCs.
1. 2N correlations
The light cone density matrix for two-nucleon correlations is calculated using a cut di-
agram, Fig. 15. The rules for calculating a cut diagram are similar to the Feynman rules
for perturbation theory, but contain additional terms, namely a vertex Vˆ2N(α,pT ) for the
probed nucleon in the SRC, and an on-mass-shell factor (2π)δ(1)(p22−m2N) for the spectator
nucleon. This approach can be seen as a relativistic generalization of the method of Ref. [78]
(see also Ref. [3] for application to the light cone). In this case, for the unpolarized density
matrix, we have
Vˆ2N(α,pT ) =
∑
λ
a†N(p, λ)α
2δ(1)(α− α1)δ(2)(pT − p1T )aN(p, λ), (B1)
where a†N(p, λ) and aN(p, λ) are creation and annihilation operators defined so that
aN(p, λ)u
λ′1(p1) = δλλ′1 u¯
λ1(p1)a
†
N (p, λ) = δλλ1 . (B2)
The operator Vˆ2N (α,pT ) essentially picks a nucleon with light cone fraction α and transverse
momentum pT out of the 2N SRC. Additionally, the vertices Γdpn are accompanied by a factor
of 1√
2
in this derivation, since we are deriving the distribution of a single nucleon within a
2N SRC. This requires each NN vertex be accompanied by division by the square root of
the number of baryons involved.
First, the application of Feynman rules to the diagram of Fig. 15 gives
ρ2N (α,pT ) =
1
3
∑
λd
∫
dp+2 dp
−
2 d
2p2T
2(2π)4
[
χ
†(λd)
d (p2N)
Γdpn(α1,p1T )√
2
(∑
λ2
uλ2(p2)u¯
λ2(p2)Θ(p
+
2 )
)
× ((2π)δ(1)(p22 −m2N))
∑
λ1
uλ1(p1)u¯
λ1(p1)Θ(p
+
1 )
p+1 D2N
Vˆ2N (α,pT )
×
∑
λ′1
uλ
′
1(p1)u¯
λ′1(p1)Θ(p
+
1 )
p+1 D2N
Γdpn(α1,p1T )√
2
χ
(λd)
d (p2N)
]
, (B3)
where χ
(λd)
d (p2N) is the spin wave function of the deuteron, the factor of
1
3
comes from
assuming the short-range 2N configuration is in a spin-one state, Γdpn(α1,p1T ) is a d→ pn
transition vertex, and D2N is an intermediate state factor, given by
D2N =
∑
init.
p− −
∑
inter.
p−. (B4)
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The next step is to rewrite the intermediate state factors:
∑
init.
p− = p−2N =
m22N + p
2
2N,T
p+2N
(B5)
∑
inter.
p− = p−,on1 + p
−,on
2 =
m2N + p
2
1T
p+1
+
m2N + (p2N,T − p1T )2
p+2
(B6)
∑
init.
p− −
∑
inter.
p− =
1
p+2N
[
m22N − 4
m2N +
(
p1T − α12 p2N,T
)2
α1α2
]
≡ D2N , (B7)
where α1 and α2 are the light cone momentum fractions of the probed and spectator nucleons
respectively. In the case that p2N,T = 0,
D2N = 1
p+2N
(
m22N − 4
m2N + p
2
1T
α1α2
)
. (B8)
Using Eq. (B7) we can, in analogy with Eq. (A8), introduce the light-cone wave function of
an NN correlation in the form:
ψ
(λ1,λ2;λd)
2N (α1, α2,p1T ,p2T , p2N) = −
1√
2
√
2(2π)3
u¯λ1(p1)u¯
λ2(p2)Γdpn(α1,p1T )χ
(λd)
d (p2N)
1
2
[
m22N − 4
m2
N
+(p1T−α12 p2N,T )
2
α1α2
] ,
(B9)
giving (where we assume the 2N correlation has negligible center-of-mass motion and note
p2 = p2N − p1, making α1 and p1T the only independent parameters in the wave function),
ρ2N (α,pT ) =
1
3
∑
λd,λ1,λ
′
1,λ2
∫
dp+2 dp
−
2 d
2p2T
2(2π)4
[
2(2π)3
α21
ψ
†(λ1,λ2;λd)
2N (α1,p1T )u¯
λ1(p1)Vˆ2N (α,pT )
× uλ′1(p1)ψ(λ1,λ2;λd)2N (α1,p1T )
(
(2π)δ(1)(p22 −m2N )
) ]
, (B10)
where the Θ(p+1/2) are now implicit. Next, the on-mass-shell condition (2π)δ
(1)(p22 −m2N ) is
eliminated through the integration over p−2 . In particular, since p
+
2 > 0,
(2π)δ(1)(p22 −m2N )
dp+2 dp
−
2 d
2p2T
2(2π)4
=
dp+2 d
2p2T
2p+2 (2π)
3
=
dα2d
2p2T
2α2(2π)3
.
Now, we replace the integration variables (α2,p2T ) with (α1,p1T ), obtaining
δ(1)(α− α1)δ(2)(pT − p1T )dα2d
2p2T
2α2(2π)3
= δ(1)(α− α1)δ(2)(pT − p1T )dα1d
2p1T
2α2(2π)3
=
1
2(2π)3α2
,
with α1 = α and p1T = pT by virtue of the delta functions. With the integrations eliminated,
and by using Eq. (B2), one obtains
ρ2N (α,pT ) =
1
2− α
1
3
∑
λd,λ1,λ2
∣∣∣ψ(λ1,λ2;λd)2N (α,pT )∣∣∣2 . (B11)
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We proceed by further introducing the light cone relative momentum k through the relation
α = 2
Ek + kz
2Ek
, (B12)
which allows one to represent the denominator D2N in Eq. (B7) in the one-parameter form:
m2 + p2T
α(2− α) = m
2 +
(α− 1)2m2 + p2T
α(2− α) ≡ m
2 + k2. (B13)
Based on the requirement that the light cone equation for the NN interaction leads to
the rotationally invariant on-shell NN scattering amplitude, one can demonstrate that
Γdpn(α,pT ) = Γdpn(k
2(α,pT)), which allows one to write the NN wave function in terms
of a single parameter k with the normalization condition[1]:
∫
d3k
|ψ2N (k)|2
Ek
= 1. (B14)
It is straightforward to show that such a wave function will satisfy also the momentum sum
rule:∫ A
0
dα
α
∫
d2pTαρ2N (α,pT ) =
∫
d3k
|ψ2N (k)|2
Ek
+
∫
d3k
kz
Ek
|ψ2N (k)|2
Ek
= 1 + 0. (B15)
Another advantage of assuming rotational invariance is that with it, one can show[3, 33]
that a Weinberg-type equation for the 2N bound system reduces to the non-relativistic
Lippmann-Schwinger equation with the light-cone relative momentum k. This results in the
relation:
|ψ2N (k)|2 = |ψNR(k)|2Ek, (B16)
where ψNR(k) represents the non-relativistic wave function of NN system.
In further discussions, we introduce the light-cone momentum fraction distribution
fN/2N (α,pT ) =
1
α
ρ2N (α,pT ), (B17)
which is analogous to a parton distribution for a two-parton system, but for a nucleon in
a two-nucleon SRC instead. It’s worth noting that fN/2N (α,pT ) is symmetric when α is
substituted with (2− α), since it represents a two “parton” composite system.
2. 3N correlations
In this section, we derive the functional form of the three-nucleon SRC density, namely
Eq. (31).
A similar approach is taken here as in Appendix B 1. However, unlike with 2N SRCs,
the 3N SRC does not correspond to a scaled version of an A = 3 nucleus. In particular, the
spin and isospin state of a 3N SRC are not a priori known, and at most behave only like
a particular, short-range configuration that an A = 3 nucleus (which also has a mean field
and a 2N SRC part) can take. However, the approach of calculating ρ3N (α,pT ) through cut
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FIG. 16: (Color online) Characteristic cut diagram for three-nucleon SRC.
diagrams will still be taken, with the caveat that each diagram should be multiplied by an
unknown constant.
As described in Sec. IIIA 3, we use a model in which a 3N SRC is generated by a sequence
of two short-range 2N interactions. Since we consider 2N SRCs to be dominated by pn pairs,
this schematic calculation for 3N SRCs takes into account only ppn and nnp configurations,
which can be mediation through two consecutive pn interactions. A typical diagram of such
a process is given in Fig. 16. While there are several other topologies for this generation
mechanism (depicted in Fig. 17), it can be shown, within an approximation where the
three nucleons are collinear before the SRC generation mechanism, that the results of all
diagrams contain the same functional dependence on α and pT , so can at most differ in
unknwon isospin factors multiplying them. Accordingly, these constants factor out and can
be absorbed into an overall normalization factor. In particular, we define ρ3N (α,pT ) to
satisfy the normalization condition:∫
dα
α
d2pTρ3N (α,pT ) = 1. (B18)
Another difference between 3N SRCs and 2N SRCs will present itself in the momentum
threshold for 2N SRCs to occur. For two-nucleon SRCs, it is sufficient to multiply ρ2N (α,pT )
by Θ(k − kF ). However, for three-nucleon SRCs, one requires that the relative light-cone
momentum entering into each NN vertex exceeds kF .
With this in mind, ρ3N (α,pT ) should be related to ρ
(3)
N/A(α,pT ) by
ρ
(3)
N/A(α,pT ) = {a2(A)}2 ρ3N (α,pT )Θ3N , (B19)
where Θ3N indicates the constraints mentioned above on the relative momenta at the NN
vertices. For large nuclei, within the considered model of 3N SRCs, the overall scaling factor
is approximately proportional to the square of the probability for finding a 2N SRC in the
nucleus. Due to surface effects, isospin asymmetry, and the combinatorics of selecting several
nucleons, Eq. (B19) is not exact, but should have corrections on the order of 1
A
that can be
neglected for large nuclei.
Now, we proceed to calculate the cut diagram Fig. 16. We have Vˆ3N = Vˆ2N , with Vˆ2N given
in Eq. (B1). Besides the on-shell specators, Fig. 16 has two (off-shell) intermediate states on
each side of Vˆ3N . The energy denominators of these states are defined by D12 and D23, with
the notational details given in Fig. 16. The nucleons’ initial and final momenta are denoted
ki, and light cone fractions are given by βi = 3
k+i
p+3N
. We will work in an approximation
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FIG. 17: (Color online) Alternate topologies for cut diagrams for 3N SRCs.
where the initial nucleons are collinear, so βi = 1 and kiT = 0. The innermost momenta
are denoted pi and their fractions αi = 3
p+i
p+3N
. The intermediate momentum of nucleon “2”
between k2 and p2 is denoted p
′
2, and its light cone fraction is α
′
2 = 3
p′2
+
p+3N
. σi and λi are
helicities of nucleons with momenta ki and pi, while λ
′
i and λ
′′
i are helicities at intermediate
states.
In the calculation that follows, we use an approximation where the off-shell NN to of-
shell NN transition depends only on the larger off-shellness, which in principle requires the
smaller off-shellness to be much smaller than the larger one.
Applying Feynman rules for light-cone perturbation theory, one obtains:
ρ3N (α,pT ) =
1
8
∑
σ1,σ2,σ3
∫
dp+2 dp
−
2 d
2p2T
2(2π)4
dp+3 dp
−
3 d
2p3T
2(2π)4
[
u¯σ1(k1)u¯
σ2(k2)u¯
σ3(k3)
Γ
(2,3)
pn√
2
×
(∑
λ3
uλ3(p3)u¯
λ3(p3)Θ(p
+
3 )
)(
(2π)δ(1)(p23 −m2N)
) ∑λ′2 uλ′2(p′2)u¯λ′2(p′2)Θ(p′2+)
p′2
+D23
× Γ
(1,2)
pn√
2
1
D12
(∑
λ2
uλ2(p2)u¯
λ2(p2)Θ(p
+
2 )
)(
(2π)δ(1)(p22 −m2N )
)
×
∑
λ1
uλ1(p1)u¯
λ1(p1)Θ(p
+
1 )
p+1
Vˆ3N(α,pT )
∑
λ′1
uλ
′
1(p1)u¯
λ′1(p1)Θ(p
+
1 )
p+1
1
D12
Γ
(1,2)
pn√
2
×
∑
λ′′2
uλ
′′
2 (p′2)u¯
λ′′2 (p′2)Θ(p
′
2
+)
p′2
+D23
Γ
(2,3)
pn√
2
uσ1(k1)u
σ2(k2)u
σ3(k3)
]
. (B20)
First, we examine the intermediate state denominators. For D23 one has:
D23 =
(
k−1 + k
−
2 + k
−
3
)− (k−1 + p′2− + p−3 ) = k−2 + k−3 − p′2− − p−3
=
m2N
k+2
+
m2N
k+3
− m
2
N + p
2
3T
p′2
+ −
m2N + p
2
3T
p+3
, (B21)
where we used the fact that p′2T = −p3T . We define the total momentum of the two-nucleon
pair (2, 3)
p+23 = p
′
2
+
+ p+3 = k
+
2 + k
+
3 , (B22)
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and two relative light cone fractions
γ′2 = 2
p′2
+
p+23
= 2− α3 (B23)
γ3 = 2
p+3
p+23
= α3. (B24)
Using the collinear approximation, in which case
k+2
p+23
=
k+3
p+23
= 1
2
, one obtains
D23 = 1
p+23
(
m2N
1/2
+
m2N
1/2
− m
2
N + p
2
3T
γ′2/2
− m
2
N + p
2
3T
γ3/2
)
=
1
p+23
(
4m2N − 4
[
m2N + p
2
3T
γ′2γ3
])
.
(B25)
Except for the factor of 1
p+23
, this is part of the denominator of the two-nucleon wave function,
and in analogy to the two-nucleon SRC we introduce the light-cone relative momentum of
the “23” nucleon pair as
k223 ≡
(γ′2 − 1)2m2N + p23T
γ′2γ3
=
(1 + α3)
2m2N + p
2
3T
α3(2− α3) . (B26)
For the energy denominator of “12” state one has:
D12 =
(
k−1 + k
−
2 + k
−
3
)− (p−1 + p−2 + p−3 )
= m2N
(
1
k+1
+
1
k+2
+
1
k+3
)
−
(
m2N + p
2
1T
p+1
+
m2N + [p1T + p3T ]
2
p+2
+
m2N + p
2
3T
p+3
)
. (B27)
Introducing the total momentum of the pair (1, 2)
p+12 = p
+
1 + p
+
2 = k
+
1 + p
′
2
+
, (B28)
and relative light cone fractions
γ1 = 2
p+1
p+12
= 2
α1
3− α3 (B29)
γ2 = 2
p+2
p+12
= 2
3− α1 − α3
3− α3 , (B30)
a similar derivation to that for the “23” energy denominator result in:
D12 = 1
p+12
(
m212 − 4
[
m2N +
[
p1T +
γ1
2
p3T
]2
γ1γ2
])
, (B31)
where m212 is the invariant mass squared of the 2N system, given by:
m212 = m
2
N
(
9p+12
p+3N
− p
+
12
p+3
)
− p23T
(
p+12
p+3
+ 1
)
= m2N
(
9
3− α3
3
− 3− α3
α3
)
− p23T
p+3N
p+3
=
[
10− 3
(
α3 +
1
α3
)]
m2N −
3
α3
p23T = 4m
2
N −∆, (B32)
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where
∆ = 3
[
α3 +
1
α3
− 2
]
m2N +
3
α3
p23T ≥ 0. (B33)
The term ∆ accounts for the off-shellness of the 2N pair in the intermediate state and
decreases its invariant mass. If m212 ≈ 4m2N , then Eq. (B31) can be interpreted as the
denominator of a 2N wave function (cf. Eq. (B9)), with −p3T as the total transverse
momentum of the 2N pair. Its momentum argument can be defined as
k212 =
(γ1 − 1)2m2N +
[
p1T +
γ1
2
p3T
]2
γ1γ2
=
(3− α3)2
4


(
2α1
3−α3 − 1
)2
m2N +
(
p1T +
α1
3−α3p3T
)2
α1(3− α1 − α3)

 . (B34)
The ability to interpret D12 as the denominator of a two-nucleon wave function is dependent
on k212 ≫ ∆, so that the difference between 4m2N − 4(k212 + m2N) and m212 − 4(k212 + m2N),
which is ∆, is negligible compared to the scales considered. This approximation is valid for
large k212, which is the domain of relevance of three-nucleon SRCs.
Using the intermediate state denominators, and Eq. (B9) for the two-nucleon wave func-
tion, we have
ρ3N (α,pT ) =
1
8
∑
σ1,σ2,σ3
∑
λ1,λ′1,λ2
λ′2,λ
′′
2 ,λ3
∫
dp+2 dp
−
2 d
2p2T
2(2π)4
dp+3 dp
−
3 d
2p3T
2(2π)4
[
(2π)6(p+12p
+
23)
2
4(p+1 p
′
2
+)2
ψ†(λ
′
2,λ3;σ2,σ3)(γ′2,−p3T )
× ψ†(λ1,λ2;σ2,λ′2)
(
γ1,p1T +
γ1
2
p3T
)
u¯λ1(p1)Vˆ3N(α,pT )u
λ′1(p1)
× ψ(λ′1,λ2;σ2,λ′′2 )
(
γ1,p1T +
γ1
2
p3T
)
ψ(λ
′′
2 ,λ3;σ2,σ3)(γ′2,−p3T )
× ((2π)δ(1)(p22 −m2N)) ((2π)δ(1)(p23 −m2N ))
]
. (B35)
Next, the delta functions available are used to eliminate several of the integrations. In
particular,
(
(2π)δ(1)(p22 −m2N)
) dp+2 dp−2 d2p2T
2(2π)4
=
dp+2 d
2p2T
2p+2 (2π)
3
=
dα2d
2p2T
2α2(2π)3
,
and likewise for nucleon “3.” Additionally,
δ(1)(α− α1)δ(2)(pT − p1T )dα2d
2p2T
2α2(2π)3
= δ(1)(α− α1)δ(2)(pT − p1T )dα1d
2p1T
2α2(2π)3
=
1
2α2(2π)3
.
Applying also the rules for creation and annihilation operators according to Eq. (B2), and
noticing that integrands with λ′2 6= λ′′2 diminish, one arrives at
ρ3N (α,pT ) =
∫
dα3d
2p3T
α2α3
[
α2(p+12p
+
23)
2
16(p+p′2
+)2
|ψ2N (k12)|2 |ψ2N (k23)|2
]
, (B36)
40
where initial spins have been averaged over and final spins have been summed. Finally,
using the relation
α2(p+12p
+
23)
2
16(p+p′2
+)2
=
{
3− α3
2(2− α3)
}2
,
one obtains
ρ3N (α,pT ) =
∫
dα3d
2p3T
α2α3
[{
3− α3
2(2− α3)
}2
|ψ2N (k12)|2 |ψ2N(k23)|2
]
. (B37)
We find numerically that ρ3N (α,pT ) satisfies the required normalization condition of
Eq. (B18). Thus, through Eq. (B19), and the threshold conditions k12 > kF and k23 > kF ,
we have
ρ
(3)
N/A(α,pT ) = {a2(A)}2
∫
dα3d
2p3T
α2α3
{
3− α3
2(2− α3)
}2
|ψd(k12)|2 Θ(k12 − kF )
× |ψd(k23)|2 Θ(k23 − kF ). (B38)
Eq. (31) now follows by using the relation f
(3)
N/A(α,pT ) =
1
α
ρ
(3)
N/A(α,pT ).
A more detailed account of the derivation of the 3N SRC density matrix can be found in
an upcoming work[79].
Appendix C: Relationship between two- and three-fold differential cross sections
Here, we present a brief derivation of the relationship between d2σ/dmJJdy
∗ used in
Ref. [72] and d3σ/dp2Tdη3dη4 used here.
Ref. [72] distinguishes between rapidity y and pseudo-rapidity η, but calculations in this
work are done at leading order, for which y = η. Using this equality, we denote rapidity
using η instead of y. With jet rapidities η3 and η4, η¯ is the rapidity of the dijet as a whole,
and η∗ is the rapidity of an individual jet in the dijet center-of-mass frame, where
η¯ =
η3 + η4
2
(C1)
η¯∗ =
η3 − η4
2
. (C2)
The Jacobian for the transformation from (η3, η4) to (η¯, η
∗) gives us dη3dη4 = 2dη¯dη∗. In
addition to the rapidity in the center-of-mass frame η∗, Ref. [72] uses the dijet mass mJJ ,
which is given by
m2JJ = (p3 + p4)
2 = 4p2T cosh
2(η∗), (C3)
or mJJ = 2pT cosh(η
∗). We note that the overall Jacobian is given by dp2Tdη3dη4 =
2pT
cosh(η∗)
dmJJdη¯dη
∗, and thus the two-fold differential cross section given in Ref. [72] can
be written as
2d2σ
dmJJdη∗
=
4pT
cosh(η∗)
∫
dη¯
d3σ
dη3dη4dp2T
. (C4)
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